Introduction
Solid waste and industrial by-products are accumulating at an escalating pace, growing into clusters of severe environmental and economic issues around the globe at an alarming rate (Cardoso et al., 2016; Disfani et al., 2012; Moh and Abd Manaf, 2017; Zhang et al., 2016) . Spanning over a decade from 2004 to 2014, the amount of household and industrial waste generated from the European Union (a collective of 28 countries), amounted to a staggering cumulative sum of approximately 12.5 billion tons (Eurostat, 2014) . Rapid population growth coupled with the increase in consumption rate is looming us towards a dire state of solid waste management in which is dependent on landfilling as the primary disposal method. As the amount of land available gets scarce for new landfill construction, illegal dumping or incineration alternatives are implemented despite the dominance of recyclable materials in the waste composition (Moh and Abd Manaf, 2017; Zhang et al., 2016) . Development and implementation towards a sustainable society are often defined as the prolong of human economic and efficient mechanism with a minimal detrimental impact on the ecological system (Simone et al., 2012) . The upsurge of a global movement in meeting the needs of the current generation without jeopardising the resources of the future generation, consist of diverse institutions including governments, universities and private sectors are facilitating solid waste recycling and reusing in a wide array of application (Al-Hdabi, 2016; Lindsey, 2011) . Hence riding on this stimulus, the asphalt pavement industry, which spans a production of more than 550 million tons of asphalt pavement annually in the United States alone, is viewed as a highly potential alternative for solid waste application, even so on a global scale (Wu et al., 2016) . The emergence of asphalt pavement industry had been revolving around conventional hot mix asphalt (HMA) which involved mixing of natural mineral aggregates as a structural skeleton and asphalt binder while applying heat and pressure to provide driving comfort, stability, durability and water resistance. As a significant domain in the infrastructure development, the asphalt pavement industry is associated with significantly high discharge temperature requirements during mixing and compaction procedures, which consume a high amount of fossil fuels and contribute to greenhouse gases (GHG) emission (Al-Qadi et al., 2014; Behl et al., 2013; Mohd Hasan et al., 2013; Yilmaz et al., 2011) .
Given escalating sustainability concerns and the need for cleaner production, the emerging breed of asphalt mixture which reduces production temperature levels namely warm mix asphalt (WMA) and cold mix asphalt (CMA) are developed to ensure the sustainability of the asphalt pavement industry (Kowalski et al., 2016; Moreno et al., 2012; Vaiana et al., 2013; Yang et al., 2017; You et al., 2017; Zaumanis et al., 2012) . Both asphalt technologies contribute to temperature and harmful emission reduction as compared to HMA by lowering energy consumption, fuel cost and CO 2 emissions while maintaining desirable performance (Lu et al., 2013; Vaiana et al., 2013; You and Goh, 2008; Zhao and Guo, 2012) . Along with the continuous maintenance work in restoring ageing asphalt pavement coupled with the growing transportation volume and the increase of allowable axle loading, the urge to incorporate solid waste as a stimulus for sustainable and greener pavement is pressing (Muniandy et al., 2013; Perez-Martínez et al., 2014) .
Pioneering environmental sustainability efforts have innovated novel techniques and procedures in driving effective management of natural and energy resources (Moreno et al., 2012; Peralta et al., 2012) . Highway authorities are obligated to provide safe, economical and durable pavements capable of sustaining anticipated loads. As such, pavement experts, researchers and engineers are devoted to optimising materials which reduce distress with a comprehensive performance. Advancement of asphalt pavement industry to date still exhausts a significant amount of raw materials leading to the deprivation of natural resources namely natural aggregates, and asphalt binder. The machinery utilised in quarrying of mineral aggregates emits a large number of fumes which increases carbon footprint (Pandey et al., 2016) . Consequently, asphalt pavement technology has become the most resourceintensive technology worldwide. For example, the asphalt binder and cement productions are ranked as the second most energy-intensive industries in the United States (Zapata and Gambatese, 2005) . Hence, these problems lead to the rise in demand for asphalt mixture with ecologically oriented attributes (Kowalski et al., 2016; Pandey et al., 2016) .
Furthermore, the upsurge of new environmental regulations and the surging of public preference towards companies that strive in maintaining the ecosystem balance have encouraged industry players to outsource new methods of treatment or alternative for its effluents (Abdullah et al., 2015; Choudhary, 2006; Farghaly et al., 2015) . Thus, the incorporation of solid waste into asphalt mixture is further justified as a sustainable and innovative alternative for the asphalt pavement industry. Ecologically oriented asphalt mixture involves partial substitution of novel additive through the integration of waste and recycled materials into the asphalt mixture production cycle. In optimising the solid waste utilisation, the heightened growth of researchers globally in the recent decade lead a paradigm shift in efforts to incorporate solid waste from a spectrum of industries into asphalt mixture. The incorporation of solid waste in asphalt mixtures doe raise engineering limitations and environmental concerns with regards to individual contribution to both asphalt pavement performance and the leaching of pollutants. Constant rainfall or even adverse acid rain conditions might leach through the enclosed heavy metals in solid waste, leading to environmental impacts on local vegetation and groundwater table source (Gutierrez et al., 2012; Lu et al., 2013; Paoli et al., 2014) . In view of the high potential of environmental contamination and engineering limitations that could influence performance, regulations for the systematic reuse of wastes and byproducts are developed as a stimulus to reducing the demand for natural resources (Berendsen, 1997; De Almeida Jr. et al., 2012) .
The purpose of this systematic review aims to provide insights into the potential of incorporating solid waste into asphalt mixture based on the pioneering efforts of researchers over the last decade. This systematic review is presented in five main sections. The first section unveils the concise option to incorporate solid waste into the asphalt mixture. The second section addresses the engineering limitations of solid waste by conducting the prerequisite properties test. Subsequently, the third section elaborates on the toxicity characterization leaching procedure (TCLP) test to address environmental concerns. The fourth section gives an overview of the pretreatment of solid waste before incorporating solid waste into asphalt mixture followed by the mechanical performance of the asphalt mixture. The fifth section focuses on the evaluation of the sustainability of asphalt mixes regarding energy saving and greenhouse gas emission reduction due to the use of waste materials. Lastly, microcosmic traits of the solid waste are discussed in detail regarding surface morphology, mineralogical composition and chemical composition. This systematic review is to draw general conclusions and further suggestions of incorporating solid waste into asphalt mixture, to spur interest and encourage further innovation in efforts to bridge the gap of both solid waste management and asphalt pavement industries. Fig. 1 illustrates the framework of discussion in this systematic review.
Emerging interest and options to incorporate solid waste
The asphalt pavement industry revolves around mixing conventional mineral aggregates, mineral fillers and binding the ingredients with asphalt binder forming asphalt mixture of a range of different aggregates and gradation for specific conditions . The aggregate acts as the structural skeleton of the pavement and the asphalt cement as the glue of the mixture. Asphalt binder is an adhesive material of high viscosity produced from petroleum distillation residues and being a thermoplastic material; it is rendered fluid by heating (Chen and Xu, 2010) . Hence, the viscositytemperature relationship has a significant influence on the degree of fluidity of asphalt binder and energy input in the asphalt mixture production (Adam, 1959) .
However, mixtures are susceptible to various primary structural, and functional distress, namely: fatigue cracking, permanent deformation or rutting, and moisture damage (Hicks, 1991; Wu et al., 2007) . The unsatisfactory asphalt mixture performance due to the rapid increase of traffic load and axle weight, modifications of asphalt mixture is made commonly by blending asphalt with synthetic products namely polymers or through the integration of mineral fillers to improve technical characteristics (Crispino et al., 2013) . Polymer modification, however, is expensive due to the cost of raw polymer, skilled persons and specific equipment application which lead to asphalt mix modification through mineral fillers to achieve favourably balanced of cost and performance (Ministry of Road Transport and Highways, 2013) .
In the early 1900s, the use of mineral fillers in asphalt is known to increase the stiffness of the asphalt mixture (Richardson, 1905) . Fillers in asphalt mixture play a significant role in prolonging durability (Kim et al., 2003 (Kim et al., , 2008 and resistance to water penetration (Givi et al., 2010; Yan et al., 2013) while improving mixture compatibility, workability and aggregate-bitumen adhesion bonds (Stroup-Gardiner and Epps, 2009; Yan et al., 2013) . The usage percentage of mineral filler is a delicate formulation. A stiff dry asphalt binder is obtained when there is insufficient asphalt to fill mixture voids, whereas overfilling with asphalt imparts a fluid character to the mixtures (Kalkattawi, 1993) . Apart from the dosage, selection of fillers in terms of physical and chemical properties, shape and texture, size and gradation are vital for the ideal performance of asphalt mixture (Muniandy and Aburkaba, 2011; Pourtahmasb and Karim, 2014) . At present, the reduction in natural resources while striving for efficient energy consumption has led to the upsurge of interest in options to incorporate solid waste from a spectrum of industries into asphalt mixtures as presented in Tables 1 and 2. This global emerging research interest in the recent decade is driven by the urge to fortify a greener alternative method for solid waste disposal which is commonly dumped at the landfill. Solid waste can be incorporated in two principal ways either by infusing into just the asphalt binder or blending with asphalt mixture. Utilization of solid waste in asphalt mixture can be further implemented by the dry way where solid waste is blended with hot aggregates before pouring of asphalt binder, or the wet way where solid waste is introduced into the mix of aggregates and asphalt binder. The predominant factor, however, lies within the options to incorporate solid Options to incorporate solid waste into asphalt binder are either in powder, ash, or fibre form. These options contribute to usage percentage ranging from 0.5% to 50% by the weight of asphalt binder. In view of the optimum bitumen content is typically at 4%e5%. Hence the usage of solid waste is at a mere 2%e2.5%. On the contrary, the incorporation of solid waste into asphalt mixture is of either coarse or fine aggregates or fillers of either in the form of powder, ash or fibre. These options, however, are a leap of 1%e80% by weight of asphalt mixture in comparison to the former option. Coarse and fine aggregates account for almost 90% by weight of asphalt mixture; hence the prime usage of solid waste is by the aggregate option.
Enclosed is a general overview and a range of options based on the type of industry, to further illustrate the delicate selection nature of the asphalt mixture ingredients and its composition. The agriculture industry produces solid waste in the form of fibrous composition hence being utilized as fibre or when incinerated as ash form. Subsequently, the construction and demolition, coal, and steel industries are incorporating solid waste into asphalt mixture, either in the form of coarse and fine aggregates or even in powder form. Moreover, the plastic and rubber industries mostly opt for powder form, while the option of glass industry is limited to just fine aggregate due to the concerns of sharp edges in coarse glass aggregates which might puncture vehicular tires. Meanwhile, the options of paper and municipal industries vary among powder, ash and fibre. Amid the overview, it is found that solid waste is often incorporated as a filler in the form of powder, ash and fibre. This is due to the lower percentage of solid waste content as filler, which may not cause severe fluctuations in the optimum performances (Anderson, 1987) .
Furthermore, the review of various asphalt mixture namely hot mix asphalt (HMA), warm mix asphalt (WMA), stone matrix asphalt (SMA), cold asphalt mixture (CAM) and porous asphalt mixture is to justify the applicability of solid waste into diversified fields of asphalt pavement for specific usability. As presented in Tables 1 and 2 , the origin and type of solid waste play a significant role in predetermining the options before incorporating solid waste into asphalt binder and asphalt mixture, respectively. As such, the option selection process of solid waste can be concise by mimicking the conventional asphalt mixture composition, whereby solid waste resembles fine and coarse aggregates or mineral fillers in the form of powder, ash and fibre. To fully harness its potential, solid waste resembling coarse aggregate and be further crushed into fine aggregate or even ground to be used as mineral filler in powder form. Moreover, solid wastes in a raw form of resembling powder, ash, or fibre are utilized as fillers. Also, solid waste of powder and fibre form can be further utilized as ash through the incineration process.
It is hoped that these emerging interest and options highlighted can serve as a stimulus for researchers to further the bold move in incorporating solid waste comprehensively in all available options, as a game shifter to steer forward a sustainable eco-oriented asphalt pavement industry. Various overlapping options from respective industries are proven to be tricky, prior to pondering upon the available options and more so the usage percentage of solid waste. Hence, it is imperative for researchers to have comprehensive guidelines for addressing the incorporation options of solid waste into asphalt binder and asphalt mixture respectively. Figs. 2e8 illustrate the range of solid waste originated from a spectrum of industries as mentioned in Tables 1 and 2. 3.
Prerequisite properties of solid waste to address engineering limitations Upon selection of options to incorporate solid waste into asphalt mixture, prerequisite properties test need to be conducted to determine the unknown properties of solid waste to address various engineering limitations. As such, research efforts are inclined to the available standards and specification where further modification or adaptation is made to address main engineering limitations prior to incorporating solid waste into asphalt mixture. The main prerequisite properties tests are summarised and presented in Table 3 , with options focussing on aggregates and fillers namely powder, ash or fibre. Even though there are various prerequisite properties to be tested before incorporating solid waste into asphalt mixture, the justification of these tests is to address main engineering limitations while empowering solid waste application as an alternative to solid waste management and in sustaining an eco-oriented pavement industry. (Silvestre et al., 2013) . (b) Mixed recycled aggregate (Cardoso et al., 2016) . 
3.1.

Solid waste to be incorporated as aggregates
Engineering limitations of the application of solid waste as the fine and coarse aggregates are similar to that of conventional mineral aggregates. Whereas volume expansion trait is in the limelight as its influence on the performance of asphalt pavement is significant. The usage of slag originated from steel industry of either ladle furnace or blast oxygen furnace, does raise potential volume expansion concerns which limits asphalt pavement implementation (Juckes, 2003; Wang et al., 2010) . Newly produced steel slag aggregates consist of three morphologies namely dense, vesicular and honeycomb, which is influenced by the type and purity of raw materials used in the steelmaking process (Chen et al., 2015; Wang et al., 2010) . Steel slag under normal atmospheric conditions with adequate humidity (which contains moisture), undergoes hydration process will cause substantial volume expansion (Chen et al., 2016a) . (Li et al., 2016) . (b) Uncrushed steel slag (Viktors et al., 2012) . Furthermore, newly produced slag is commonly coated with impurities which have cementitious traits resulting in a solidified layer of impurities upon hydration (Skaf et al., 2016) . The hydration process which led to volume expansion and solidified impurity layer are significant factors causing asphalt pavement distress influencing volume stability and moisture susceptibility through expansion and poor adhesion between slag and asphalt binder . Steel slag contains high free calcium oxide, f-CaO when getting hydrated to Ca(OH) 2 caused large volume expansion.
To further confirm the expansion traits, researchers evaluated the main culprit of the behaviour under accelerated conditions through a standard heavy compaction test with a perforated plate on steel slag with optimum moisture content (Chen et al., 2016a) . Both samples of slag namely newly produce slag and treated slag is fully submerged in a water bath at 90 C processes, and expansion heights of slag are recorded. The findings concluded that the expansion behaviour of newly produced slag lasted longer with an end time of 2.5 times more than the treated slag. Hence, this further justified the need for prerequisite properties tests on solid waste to foresee and address engineering limitations before its incorporation into asphalt mixture. Conventional aggregate prerequisite properties test, namely gradation, Los Angeles (LA) abrasion, flakiness and elongation and water absorption are the norms to be implemented. Solid waste aggregate undergoes gradation or particle size distribution test using a mechanical sieve shaker in determining the options to be utilized as coarse aggregate (retained at 2.36 mm sieve size) or as fine aggregate (passing 2.36 mm sieve size) in the asphalt mixture composition (Asphalt Institute, 2001 ). This straightforward test is crucial in the performance makeup of asphalt mixture specifically stiffness, stability, workability, durability, fatigue and moisture damage resistance (Roberts et al., 1996) . Upon sieving, the fraction of fine aggregate passing 0.075 mm sieve is utilized as filler (Asphalt Institute, 2001) . When the coarse and fine solid waste aggregates are closely compacted in asphalt mixture, the degree of compaction is not solely dependent only on composition percentage but also on the thickness and length of aggregate (ASTM, 2005) . Flaky and elongated solid waste aggregates are undesirable in view of its high surface area to volume ratio which lowers workability of asphalt mixture and might break down under heavy loadings. After sieving, flakiness and elongation test is carried out by utilising flakiness gauge for thickness and elongation gauge for length (AASHTO, 2000) . Percentage of flakiness passing, and elongation retained are calculated with a maximum allowable index of 25%.
In view of toughness and abrasion characteristics, the constituent of the solid waste coarse aggregate must possess crushing, degradation, and disintegration resistance to produce asphalt mixture of acceptable performance. The LA abrasion test is conducted by placing coarse aggregate into a rotating drum with steel spheres to stimulate abrasion and impact loads between aggregates and impact loads between aggregates and steel sphere. The mass of the collected, crushed aggregates over total mass in terms of percentage is expressed as the LA abrasion loss ranging from 22% to 55% (Roberts et al., 1996) . Furthermore, the water absorption test can be conducted to predict the volume of asphalt binder absorption and is implemented by two different methods based on aggregate type. Coarse aggregate is conducted by utilising the wired basket whereas fine aggregate by pycnometer. The percentage difference between the mass of saturated surface dry (SSD) and mass of oven dry in the air over oven-dry mass in the air is computed as water absorption.
3.2.
Solid waste to be incorporated as powder, ash or fibre Solid wastes in the form of powder, ash or fibre are incorporated as fillers in the asphalt mixture. Application of these forms is quite similar in comparison to conventional mineral filler powder namely limestone, Portland cement powder or commercially available fibres. These however still inflate engineering limitations on the solid waste application due to the uncertainty nature of raw solid waste powder, ash or fibre. As a note, solid waste of powder and fibre forms can be further utilized as ash through the incineration process. Further combustion of solid waste into powder and ash forms, the incineration point is of interest value. Incineration of solid waste is conducted at a range of temperature of 450 Ce1200 C, followed by the loss on ignition (LOI) test.
When the difference in LOI percentage is consistent or stagnant, the combustion temperature of the lowest LOI is taken as incineration point (Kavussi and Modarres, 2010; Xue et al., 2013) . Furthermore, the thermal test is a prerequisite property to predetermine melting points and mixing temperature to assure the solid waste incorporated is not decomposed or consumed during asphalt mixing (Dalhat and Al-Abdul Wahhab, 2016; McDaniel, 2015) . To ensure solid waste remains intact upon high-temperature conditions, mass loss is measured after oven dried at 210 C for 2 h (Morova et al., 2016) . Findings of no apparent colour change with a maximum permissible mass loss of 6% are encouraging (Chen et al., 2009) . To stimulate further interactions with asphalt binder, 100 g of solid waste is mixed with 100 g of asphalt and oven dried at 165 C for 5 h and mass loss is calculated. The mass loss can be used as a perception of the percentage of asphalt binder absorption. Differential scanning calorimetry (DSC) can be utilised to obtain melting point and curing temperature for the solid waste of plastic and rubber industries. The acknowledgement of melting point is to ensure solid waste would not be disintegrated during mixing process of asphalt mixture (Dalhat and AlAbdul Wahhab, 2016) , to enable homogenous mixing and to strengthen adhesive bonds between solid waste and asphalt binder (Bautista et al., 2015) . Water absorption is essential in ensuring proper storage by confirming that solid waste does not contain high absorption capacity in normal atmospheric condition (Xue et al., 2013) . Otherwise, proper measures are to be taken to ensure no water is introduced during mixing procedure inducing lower water susceptibility (Ministry of Transport of the People's Republic of China, 2004b) . Water absorption of solid waste in finer form of either powder, ash, or fibre can be conducted using a pycnometer (AASHTO, 2013). To further stimulate a real scenario, solid waste can be placed in a curing chamber with 90% humidity at 20 C for five days and have mass measured at every 10 h interval (Chen and Xu, 2010) . Furthermore, a simple test namely the oil absorption test can be conducted. Kerosene soaked solid waste is placed on a sieve, shook for 10 min and mass measured. The mass should be a minimum of five times more than solid waste mass to ensure adequate viscosity, asphalt film thickness and adhesive strength of asphalt binder (Ministry of Transport of the People's Republic of China, 2004b) . In the event of asphalt mixture with high asphalt binder content, fibres are known to be incorporated to prevent drain down (McDaniel, 2015) . Asphalt binder drain down test is implemented to ensure solid waste fibres can absorb and inhibit drain down of asphalt leading to durability improvement (AASHTO, 2008; BSI, 2004; Herr aiz et al., 2016) . The drain down test involved having fibre incorporated into the mixture, oven dried at 165 C for one hour and measured mass loss (AASHTO, 2008) . Hence, the asphalt binder drain down percentage is to be less than that of the control mixture.
Possibility of heavy metals leaching
The incorporation of solid waste elements into asphalt mixture raise concerns about the environmental impacts such as the possibility of heavy metals leaching into the underground water table. Leaching is defined as the process whereby a waste component is removed mechanically or chemically into a solution from a solidified matrix by the passage of solvent such as water (Modarres et al., 2015) . Asphalt pavement layers are in direct contact with regular rain or in even worst circumstances such as acid rain, which pose permeability risk of neutral or acidic water to seep through the surface of asphalt pavement resulting in heavy metal leaching. Constant rainfall or even adverse acid rain conditions might leach through the enclosed heavy metals in solid waste, leading to environmental impacts on local vegetation and groundwater table source (Gutierrez et al., 2012; Lu et al., 2013; Paoli et al., 2014) . Solid waste from the coal industry namely coal waste is known to cause adverse pollution due to pyrite oxidation. When pyrite and iron are exposed to atmospheric conditions along with water, rapid oxidation occurred resulting in acidic water (Adibee et al., 2012) . Furthermore, this critical pollution often referred to as acid mine drainage contains a high amount of toxic metal contaminating groundwater tables (Lee and Chon, 2006) . Given the high potential of environmental contamination, it is a prerequisite need to have proper regulations to ensure solid waste falls below the leaching limit. This is to provide a solid foundation for the systematic reuse of solid waste while eliminating environmental concerns, and as a stimulus to reducing the demand for natural resources (Berendsen, 1997; De Almeida Jr. et al., 2012) . Incoherent with this movement, there are some protocols to measure and analyse pollutions in the solid and aqua environment. For example, a protocol is known as the toxicity characteristic leaching procedure (TCLP) is developed by the United States Environmental Protection Agency (USEPA, 1992). This protocol is designated to determine the mobility and presence of both organic and inorganic compounds in liquid, solid and even multiphase specimens while analysing the potential leaching of heavy metals into groundwater (De Almeida Jr. et al., 2012) .
4.1.
Implementation of the TCLP test to determine heavy metal leaching in the asphalt mixture
Various researchers implemented TCLP test as a primary indicator to analyse the potential of heavy metal leachability from stabilised asphalt mixture and to ensure chemical stability and hence, the potential environmental effects of the treated layer (Ilyas et al., 2014; Modarres and Ayar, 2014; Modarres et al., 2015; Tsang et al., 2013) . The makeup of this designated protocol is namely EPA SW846-1311 and SW846-351 method in view of determining the potential leaching of a spectrum of toxic chemicals into groundwater (USEPA, 1992). Xue et al. (2009) utilised TCLP test to investigate the leachate from a cement stabilised waste. The research efforts concluded that the pH level and heavy metal concentration were stabilized after 18 h of leaching conducted in a rotary chamber of a constant 30 rpm under room conditions.
To validate further that municipal solid waste does not possess environmental risk, a collaboration of researchers namely Xue et al. (2009) analysed the effect of municipal solid incinerated ash with progressive leaching of five times on the asphalt mixture. The study concluded that the cumulative heavy metal leaching capacity increased with the extent of leaching times, whereas the pH of leachate decreased. In a laboratory assessment, Modarres et al. (2015) further prove the excellent integration of asphalt binder and the municipal solid incinerated ash resulting in increased adhesiveness which led to lower heavy metal leaching capacity. TCLP test is implemented by researchers to evaluate the environmental impacts of coal waste powder during its service period and to analyse the heavy metals in the leachates (Modarres et al., 2015) . The laboratory assessment concluded that asphalt mixture reduced the potential leaching volume in the asphalt mixture.
Heavy metal leachates in the test portray result below the regulation limit enabling safe implementation of coal waste in asphalt pavement (Modarres et al., 2015) . A combination of research efforts by Li et al. (2001) and Xue et al. (2009) highlighted that the TCLP test was unable to differentiate the heavy metal contaminants leachability in cement-based waste materials. It was due to the strong buffering capacity of the waste matrix which potentially neutralise the leachate solution thus limiting leaching capability. There is no risk of buffering capacity in the asphalt mixture. Thus the TCLP test results can differentiate the leachability of heavy metal elements (Li et al., 2001) . From these insights, further investigation was conducted by Modarres and team (Modarres and Ayar, 2014; Modarres et al., 2015) , and they concluded that with the increase in the percentage of coal waste ash, leached heavy metals detected were higher, yet still fall below the TCLP regulatory level.
In a research attempt by Yoo et al. (2016) who utilised a ratio of 1:20, with 50 g ash weighed into a glass container and agitated for 24 h, then leachate is filtered and analysed for heavy metal content. Rossi et al. (2012) further addressed environmental concerns of utilising coal waste as fine aggregate in concrete blocks for paving and validated the usability of coal waste content as a part of fine aggregates. In another investigation, TCLP test was utilised by Halim et al. (2003) to examine the effect of the various leaching parameters on the leaching of lead (Pb) and cadmium (Cd) from cementitious wastes. The research findings showed that the metal concentration in leachate was drastically reduced with the increased of pH level. Furthermore, there was no considerable change in the metal amount in leachate for leaching durations of more than 18 h (Halim et al., 2003) . In an attempt to study the effects of cyclic drying and wetting on the engineering properties of lead and zinc contaminated soils stabilised with fly ash, Zha et al. (2013) proved that the leaching characteristics of heavy metal ions of stabilised contaminated soils were significantly improved with the increase of fly ash content. The researchers further indicated that the TCLP concentration increased with the increase of the times of drying and wetting cycles.
Bottom ash is proven to be safe for implementation into flexible asphalt pavements by Chen et al. (2009) without the risk of releasing dangerous substances into the environment as indicated by a leaching test. The researchers found that bottom ash initially had a high content of heavy metal and high level of toxicity, however, the heavy metal was undetectable, and the toxicity was reduced after being mixed with asphalt binder (Chen et al., 2009; Hassan, 2005) . All research efforts conducted TCLP test on solid waste integrated asphalt mixture and compared the findings to the minimum limits for classifying hazardous materials by the United States Environmental Protection Agency (USEPA, 1992) and the Hong Kong Laboratory Accreditation Scheme (HOKLAS, 2011) regularity standard levels. Also, a review of the incorporation of waste mixed glass into asphalt mixtures highlighted the threshold for solid inert waste by Australian Standard Leaching Procedure (ASLP), and Environmental Protection Agency of Victoria (EPA Victoria, 2010).
Methodology and regulations of the TCLP test
The proposed TLCP test with adaptation from the literature review is typically implemented in three stages utilising both leaching solution of deionised water and nitric acid 0.1 M acetic acid with pH ¼ 2.88 (Halim et al., 2003; HOKLAS, 2011; Tsang et al., 2013) . The implementation of an additional leaching solution namely deionised water is to stimulate mild neutral pH rainwater scenarios while providing a comparison platform towards acidic leaching findings. Stage one is initiated by conducting initial TCLP test on raw solid waste rather than subjecting to only solid waste integrated asphalt mixture. This is to provide a comprehensive comparison between the leaching of raw solid waste and after its incorporation into asphalt mixture. As such, the findings will further justify the hypothesised of asphalt binder in stabilising and solidifying the heavy metals in solid waste. Subsequently, stage two involves the TCLP test on solid waste incorporated asphalt mixture. In both stages of one and two, following the TCLP test is conducted with similar repetitive methods and procedure. In general, filtered filtrates from initial TCLP test are subjected an additional cycle of test. Based on the two stages assessment, the average pH value of the specimens between leaching of raw solid waste and solid waste integrated asphalt mixture are compared. The pH test comparison involved both under mild neutral rain (deionised water of pH 6.5) and harsh acidic rain (1.0M acetic acid of pH 2.88) to evaluate the fluctuations in initial pH values. The findings are to justify the alkalinity or acidity of solid waste upon prolongs leaching. Next, the findings based on the ICP-AES test are compared with the regulatory standard as shown in Table 4 . ASLP was developed in 1997 in the state of Victoria. However due to very few accredited laboratories could perform the ASLP tests, TCLP results were subsequently reinstated in 2007 as an acceptable method in Australia for categorising the waste/recycled material (EPA Victoria, 2007) .
Based on USEPA (1994) there is no stipulated standard available for Ni, Cu and Zn hence the Hong Kong regularity standard level is adopted as per previous research efforts (HOKLAS, 2011) . The EPA Victoria (2010) guidelines documented a second type of the waste namely solid inert waste in which has negligible activity or effect on the environment. The inert waste may be either a municipal or industrial waste. The ASLP allowed for solid inert waste to be adopted for comparison. ASLP regulatory standard is of lower tolerance limits in which can be adapted to define how insignificant is the heavy metal leaching concentration when incorporated into asphalt mixture.
Pretreatment of solid waste
The pretreatment of solid waste is necessary as presented in Tables 5 and 6 , which is categorized by various industries. The treatment process varies without an absolute specific trend. Solid waste to be utilised as coarse or fine aggregates are reduced to specific size through crushing or further milled. Whereas, solid waste to be incorporated as powder form is commonly cut or shredded and further ground or milled. Solid waste in ash form is incinerated and cooled prior usage. Moreover, solid waste of fibre form is commonly shredded. Lastly, solid waste of all undergoes gradation or particle size distribution test using a mechanical sieve shaker in determining the options to be utilised as coarse aggregate or as fine aggregate in the asphalt mixture composition. This straightforward test is crucial in the performance makeup of asphalt mixture specifically stiffness, stability, workability, durability, fatigue and moisture damage resistance (Roberts et al., 1996) . Upon sieving, the fraction of fine aggregate passing 0.075 mm sieve is utilised as filler (Asphalt Institute, 2001 ). Amid numerous research efforts, a simple treatment for electronic waste in the form of plastics is to be mentioned to enlighten researchers in chemically treating solid waste prior to incorporating into asphalt mixture. Electronic waste modifiers namely Acrylonitrile Butadiene Styrene (ABS), Acrylonitrile Butadiene Styrene-Polycarbonate (ABS-PC) and High Impact Polystyrene (HIPS) were utilised by Mohd , were chemically treated with cumene hydroperoxide before blending into conventional asphalt binder. A high shear mixer was used to combine the asphalt binder, electronic waste powders, and hydroperoxide (only for the chemically treated e-waste asphalt binders) for 45 min at 5000 rpm and 3000 rpm for 15 min to ensure complete melting and blending of the e-waste modifiers within the asphalt binder. The treatment process of e-waste plastics using free radical initiator namely cumene hydroperoxide was used to produce free active radicals in e-waste polymer backbones, leading to interfacial bonding with asphalt. Peroxide and hydroperoxide initiators within cumene hydroperoxide decomposed through a thermal breakdown, leading to the production of alkoxy (RO) and/or hydroxyl (OH) radicals. The radical abstraction of a hydrogen atom from the polymer backbone of electronic waste origin resulted in new polymeric radical. These new radicals were then coupled giving covalent bonding between the electronic waste additive and the asphalt binder to promote stronger interfacial adhesion and enhanced branching. Results showed that treated electronic waste modified asphalt binders have desirable stiffness and increase of elastic behaviour, improving rutting resistance.
The improved results were attributed to the cumene hydroperoxide promoting direct covalent molecular bonding between e-waste plastic powders and the asphalt binder. These results suggest that when polymer modifiers were used in asphalt, radical reactions, at least at the interface with the modifier, should be promoted rather than prevented by added radical inhibitors. This simple chemical treatment is mentioned as a stimulus to leverage further research initiative on solid waste in view of the vast possibilities of pretreatment through innovative and straightforward methods prior to incorporating into asphalt mixture.
6.
Influence of solid waste on mechanical performance of asphalt mixture Efforts striving for the utilisation of solid waste into asphalt mixture after undergoing prerequisite tests and pretreatments will be in vain if not justified or validated by its asphalt mixture performance. Performance tests of asphalt Table 5 e Emerging interest to incorporate a diversified range of solid waste into the asphalt binder. Note: ✓ is improve in performance of asphalt binder; NIL is not in literature. (2015) mixture are intended to extend the service life of asphalt pavement which will provide insights into the solid waste selection and options, the composition and proportion, asphalt content and gradation. The synthesis of the performance of asphalt mixture incorporating solid waste as shown in Tables 5 and 6 is to leverage the implementation of solid waste through various research efforts with encouraging findings. In establishing solid waste performance in the form of aggregate and as a viable alternative to natural aggregate, Pandey et al. (2016) conducted laboratory studies on mixed coal aggregate which increased rutting, fatigue, and stability for bituminous layers. In attempts to prove further that coal waste could be used as part of fine aggregate Rossi et al. (2012) utilised coal waste as fine aggregate in concrete blocks for paving while considering environmental concerns. Investigation of asphalt binder course milled layer was initiated by Kavussi and Modarres (2010) to validate its use as aggregate in recycled asphalt pavement (RAP) pavements. Based on the research, responses in excellent mechanical, durability and microstructure properties of cold asphalt emulsion mixture were highlighted.
A combination of assessment in mechanical performance indicated that the asphalt mixture containing fly ash is effective on road pavements exposed to severe conditions both in hot and cold climates (Nassar et al., 2016) . The utilisation of steel slag in developing countries is rare even though steel slag is validated by a team of researchers (Chen et al., , 2016b to be a functional aggregate in the laboratory, which can improve the fatigue crack resistance anti-skidding ability, moisture resistance, and deformation resistance of asphalt mixture. Based on the insights from the performance of steel slag Chen et al. (2008) established the usability of steel slag as coarse and fine aggregates in improving volume stability, thermal property and moisture resistance. The development of coal ash up to 30% as fine aggregates is validated by Yoo et al. (2016) which influence the increases in moisture and fatigue cracking resistance while having dynamic stability and flow properties.
Laboratory assessment of the usage of recycled asphalt pavement as fine aggregate involving a collaboration of researchers namely Chen et al. (2008) resulted in a significant improvement of water sensitivity and fatigue resistance. The response of asphalt mixture towards the addition of solid waste in the form of powder and ash are closely associated with its mechanical performance. The addition of coal waste powder and its ash is a major contributing factor as pointed out by Kavussi and Modarres (2010) in improving mechanical properties by increasing Marshall stability, tensile strength and resilient modulus. Observations by Modarres et al. (2015) established further that coal waste ash resulted in a distinct better performance in asphalt mixture in correlation to its higher pozzolanic features. An analysis conducted by Modarres and Rahmanzadeh (2014) further validated the improvement in mechanical properties of asphalt mixture incorporating coal waste powder in comparison to limestone and zeolite.
A combination of mechanical performance tests was investigated by Morova et al. (2016) to incorporate rice husk ash which increased performance and durability of the asphalt mixture. To further validate the hypotheses in the usage of rice husk ash in asphalt mixture, Sargın et al. (2013) obtained the best Marshall stability with 50% rice husk ash and 50% limestone as filler. Research findings on rice husk ash as mineral filler by Al-Hdabi (2016) showed improvement in mechanical performance namely Marshall stability and indirect tensile strength while increasing moisture damage resistance in comparison to conventional ordinary Portland cement. Karasahin and Terzi (2007) conducted a comparison study of industrial waste namely marble and limestone dust as a filler which resulted in satisfactory traits of Marshall stability and plastic deformation performance. In a combination of research efforts initiated by Sobolev and team (Sobolev et al., 2013 (Sobolev et al., , 2014 , the incorporation of fly ash into asphalt mixture improved the performance which is comparable to polymer modification. Sobolev et al. (2013 Sobolev et al. ( , 2014 further concluded that the excellent performance is attributed to the unique spherical shape, beneficial size distribution and chemical properties of fly ash. Kavussi and Modarres (2010) highlighted the usage of coal waste and its ash improved the mechanical properties by increasing the Marshall stability, tensile strength and resilient modulus.
For consistency and further validation of asphalt mixture incorporating solid waste in the form of fibre, several research efforts are established to reiterate its influence on mechanical properties. Oda et al. (2012) investigated the tensile strength and resilient modulus of stone matrix asphalt (SMA) incorporating coconut, sisal, cellulose and polyester fibres to demonstrate the satisfying mechanical performance of tensile strength and modulus resilience thus preventing asphalt binder to drain down. In another study, Gaio et al. (2012) researched on validating the improvement of asphalt mixture behaviours by incorporating recycled steel fibres. For the evaluation of solid waste in the form of fibre, Karukstis and Hecke (2003) also utilised polyparaphenylene terephtalamide, a high-performance textile fibre, due to its high resistance properties in which the resistance strength is five times more than steel.
Observation by Herr aiz et al. (2016) in a research using hemp fibre, algae fibre, and polyester fibre of range 1%e2% in SMA mixture, concluded that the various fibres demonstrated adequate water sensitivity behaviour, and binder drain down while improving rutting resistance, stiffness and fatigue life. Performance in terms of higher heat resistance, oil absorbency and shearing performance of lignocellulose was investigated by Xue et al. (2013) which gave insights into the dense interface reinforcement effect of straw composite fibre. The addition of waste yarn multifilament fibre is found to be a significant contributing factor in asphalt mixture resulting in the improvement of Marshall stability. However, it is noted that with the increase of fibre over 0.5%, there is a decrease in stability and performance (Morova et al., 2016) .
Microcosmic traits of asphalt and solid waste interactions
Research findings on the incorporation of solid waste mostly emphasised the mechanical performance findings, yet the microcosmic traits are less unravelled. Microcosmic traits namely surface morphology, mineralogical composition and chemical composition provide significant insights into how does solid waste interact with the asphalt mixture. The microcosmic interaction involves three projected phases namely the solid waste-asphalt binder phase, solid wasteaggregate phase and solid waste-asphalt binder-aggregate phase. Over the recent decade, in a bid of providing further justification for hypotheses claims, researchers have striven for the fulfilment of their curiosity beyond the basic physics, and chemical properties of conducted specimens (Arabani and Pedram, 2016; Bautista et al., 2015; Chen et al., 2016a; Mistry and Roy, 2016; Pasandín et al., 2016; Wang et al., 2016) . It could be done by utilising various innovative techniques namely scanning electron microscope (SEM), X-ray diffraction (XRD), and X-ray fluorescence (XRF) to provide a comprehensive profile of specimens. SEM is electron-based micro scanning equipment provides explicitly targeted surface morphology in analysing surface structure to enable qualitative evaluation of the geometric characteristics to explain further the adhesive and cohesive bonding characteristics between specimen, asphalt binder and aggregates (Arabani and Pedram, 2016; Chen et al., 2016a, b; Pasandín et al., 2016; Wang et al., 2016; Xue et al., 2013) . XRD and XRF which utilise X-ray technology are commonly executed in unison to provide a comparison between the mineralogical composition and chemical composition of intended specimens (Arabani and Pedram, 2016; Chen et al., 2016a, b; Wang et al., 2016; Zhang et al., 2013) . Thus, microcosmic traits of solid waste namely surface morphology, mineralogical composition and chemical composition will leverage and enhance mechanical performance of solid waste incorporated asphalt mixture.
7.1.
Surface morphology of solid waste using SEM SEM is commonly utilized to examine the surface morphology of solid waste in two main stages which are before and after solid waste is incorporated into asphalt mixture. To implement SEM observation techniques, crushed parts from the centre of the specimen are fixed on small SEM stubs and exposed to high vacuum, followed by application of a platinum coating to the fractured specimen. Then, SEM images are taken using selective electron mode, resolution and an accelerated voltage (Chen et al., 2016a, b; Nassar et al., 2016) . In order to evaluate microcosmic traits after subjecting to mechanical tests, the following procedure is adopted from Chen et al. (2016a) . Marshall specimens for each asphalt mixture are prepared and subjected to fracture energy test with a group of three as control set and the another three are subjected to moisture freeze-thaw damage for three cycles. Both the control group and condition group are sent to HM-3000 master loader for the indirect tensile test with a constant deformation speed of 50 mm/min. The fracture energy can be computed based on the stress-strain curve obtained in the indirect tensile test. Then, samples were subjected to SEM observation along the main crack zone which is divided into ten equal portions. Subsequently, to distinguish aggregate from asphalt mastic under SEM, two specimens with one of their sides is slice off at 5 mm in length. Both specimens are then subjected to moisture freeze-thaw damage for three cycles, while one specimen is cracked by HM-3000 master loader. The zones for SEM observation are selected along the main crack which is divided into ten equal portions. The concise microcosmic evaluations from respective researchers are presented in Tables 7e9, to illustrate the different interpretations in different surface morphologies, mineralogical and chemical compositions of solid waste, respectively. SEM was innovatively used by Chen et al. (2016a) to observe microcracks of the asphalt mixture. The research findings suggested that honeycomb slag used as coarse aggregate increased the asphalt content, rutting resistance, and crack and moisture resistance of asphalt mixture. A combination of research efforts established and validated the hypothesis that coal waste powder which is of high fineness, strengthened the internal cohesion of the bitumen phase leading to higher mix strength and resulted in higher Marshall stability and resilient modulus in comparison to limestone powder (Cerato and Lutenegger, 2002; Kavussi and Modarres, 2010; Modarres and Rahmanzadeh, 2014; Modarres et al., 2015) . Based on laboratory assessments by Ye et al. (2009) numerous microcracks were produced within the asphalt binder, under the influence of load and temperature which were disadvantageous for strength and endurance. Chen et al. (2008) provided fundamental insights that hydration effect and curing of silicone resin on steel slag increase the mechanical performances. Base on surface textures and pore characteristics of the steel slag, the improvement in volume stability and thermal efficiency of steel slag through combined modification of hydration and silicone resin is obvious. Figs. 9e13 illustrate the SEM images of the range of solid waste originated from a spectrum of industries, whereas Fig. 14 shows the SEM image of commercial filler namely limestone.
7.2.
Mineralogical composition of solid waste using XRD Implementation of X-ray diffraction (XRD) is initiated by having crushed parts from the centre of asphalt mixture grounded to powder form and commonly passing 63um sieve, to enable detection of crystalline hydration phases (Chen et al., 2016b; Nassar et al., 2016) . The powder is then placed in the sample holder of XRD. Selectively scanning speed, step up, and its range are applied before conducting XRD (Nassar et al., 2016) . Chen et al. (2016b) exploited the brown materials from the internal of unbroken honeycomb slag and subjected to XRD. Based on XRD findings, the primary compounds were calcium oxide, calcium hydroxide and dicalcium silicate which concluded that high free calcium oxide (f-CaO) content lead to the fracture behaviour of honeycombed slag during ageing treatment. Establishment of XRD on magnetite tailings as aggregates in asphalt mixture was conducted by Wang et al. (2016) Rizwan (2006) Presence of Ca(OH) 2 , Portlandite with high reference intensity peak indicated a lower hydration degree in the asphalt mixture. However, ground granulated blast slag ash reduced the intensity peak Nassar et al. (2016) Paper Biomass fly ash Biomass fly ash contains calcite and dolomite, contributing to good bitumen adhesion. However, quartz which led to poor adhesion or stripping performance is also found in the composition. To prove a reduction of undesired hydration products specifically crystals of Ca(OH) 2 namely Portlandite, asphalt mixture containing coal was analysed by a reference intensity peak at 34.1 of 2-theta scale Rizwan (2006) Presence of Ca(OH) 2 , Portlandite with high reference intensity peak indicated a lower hydration degree in asphalt mixture Nassar et al. (2016) The reference intensity peak values of Ca(OH) 2 Portlandite at 34.1 were reduced significantly in mixture containing ground granulated blast slag, due to reaction with pozzolanic materials Steel Blast oxygen furnace slag XRD of various diffraction peaks and intensity shows mineral phases in slag are complex. The main phases are calcium oxide (CaO) and calcium hydroxide Ca(OH) 2 (Chen et al., 2015 (Chen et al., , 2016b High content of free calcium oxide (f-CaO) is responsible for the fracture behaviour of honeycombed slag during ageing treatment The f-CaO transformed into Ca(OH) 2 by absorbing water resulted in larger volume expansion leading to failure as local stress was oversized O, Si, Ca, Mg, Mn and Fe were the main element types. Mn, Mg and Fe mainly concentrated at the white region, while Si and Ca mainly at the grey and black region. Calcium oxide and calcium silicate contributed to the alkalinity of BOF slag. The increase of Al 2 O 3 and SiO 2 cause decreased in stiffness as an indication of plasticizing or softening. Whereas the increase of CaO and SO 3 increased the stiffening rate resulted in stiffer asphalt binder The chemical composition influences the high-temperature rheological properties of asphalt binder Unburnt carbon particles and high CaO content led to a significant increase in volumes of calcium sulphite hemihydrate resulting in stiffer asphalt binder Fly ash and ground granulated blast slag contained high Al 2 O 3 , CaO, SiO 2 , and SO 3 thus both are favourable to be utilised as filler to enhanced asphalt mixture rutting resistance Nassar et al. (2016) Coal ash The chemical composition of coal ash is similar to type N or F fly ash, as the sum of Fe 2 O 3 , Al 2 O 3 and SiO 2 is more than 70% while the LOI value is 2.01%, thus has high potential to be applicable as filler Misra et al. (2005) The high pozzolanic chemical compounds in coal ash namely SiO 2 and Al 2 O 3 enhance aggregate-bitumen adhesion in the asphalt mixture (Modarres and Ayar, 2014; Modarres and Rahmanzadeh, 2014; Modarres et al., 2015) As per ASTM C618 standard that is developed for coal fly ashes classification, the chemical compound of CWA is similar to type N or F fly ash, since the sum of Fe 2 O 3 , Al 2 O 3 and SiO 2 is more than 70%, and the LOI value is 2.01%. Low or non-presence of hexagonal crystals of Ca(OH) 2 proves a higher degree of hydration obtained, resulted from the pozzolanic activity of fly ash leading engineering enhancement roughly between 6 and 6.5. They concluded that the high hardness and crushing values of magnetite tailings could endure strong rutting strength during dynamic stability test (Li, 2008; Wang et al., 2016) . Pasandín et al. (2016) utilised XRD in attempts to validate further the key reason for the possibilities of paper mill waste dregs and biomass fly ash led to poor stripping performance. The findings concluded that the presence of thenardite, which is water soluble, and cesanite, which is marginally soluble in water strongly influenced asphalt mixture stripping performance. However, upon XRD analysis on biomass fly ash, the presence of anhydrite is detected, which turn into gypsum when contact with water becoming harden and prevent further water ingestion. Furthermore, portlandite which is a significant component in hydrated lime is found in biomass fly ash raising potential of stripping resistance. The observation of various findings concluded that the mineralogical composition of fly ash may have positive or adverse effects on the water resistance of asphalt mixture and highlighted the advantages of utilising XRD to fortify mechanical performance with microcosmic analysis.
7.3.
Chemical composition of solid waste using XRF Implementation of XRF enabled Chen et al. (2016b) to draw conclusion that steel slag contains high percentage of calcium-based minerals, CaO and is closely associated to high alkalinity leading to good performance of asphalt mixture Pasandín et al., 2016) attempted to investigate further the chemical composition of both paper mill dregs and biomass fly ash in comparison to commercial limestone. The research findings concluded that the chemical composition in view of high CaO and SiO 2 content between paper mill dregs, biomass fly ash and limestone are comparatively similar. A laboratory assessment was initiated by Bautista et al. (2015) to prove chemical composition influence significantly the stiffness of asphalt mastics, irrespective of the asphalt binder type. The research study is further validated in view of rheological response and damage resistance which is found to be governed by the chemical composition of coal combustion products. Arabani and Pedram (2016) applied XRD to assess and measure the existing elements percentage in natural aggregates which resulted in high levels of silicon dioxide. Thus this raises the possibilities in improving the interaction with asphalt binder. Research efforts conducted by Wang et al. (2016) adopted XRD to quantify the chemical compositions and confirmed the absence of heavy metal elements in magnetite tailings, thus eliminating environmental pollution risk. Further investigation by Mohammed (2015) found that the high percentage of oxide and silica elements at 81.66% in magnetite tailings such as SiO 2 is of direct influence to the excellent mechanical performance of asphalt. 8.
Considerations and way forward for the implementations
Potential challenges and solutions
The accumulation of solid waste of staggering sum at an alarming rate requires a global notion consisting of diverse institutions specifically the governments to strive in meeting the needs of the current generation without jeopardizing the resources of the future generation. As such the public mass should engage by stepping up the pivotal role of asserting preference and opinion towards companies that strive in outsourcing ecological treatments for solid waste. On the other hand, as illustrated in Tables 1, 2 , 5 and 6, there is an escalating growing trend towards usage of solid waste from a spectrum of industries as a renewable material to pave a sustainable future for the asphalt pavement industry.
Given the escalating budget needs by state and federal transportation agencies for the maintenance and rehabilitation of asphalt pavements, incorporation of solid waste into asphalt mixture with tested and proven performances is a green and cost-effective alternative to mitigate various pavement distresses. The concise options namely either as coarse or fine aggregate and as fillers in powder, ash, or fibre form is to stimulate further interest to incorporate a diversified range of solid waste into the asphalt binder and asphalt mixture. Upon selection of options to incorporate solid waste into asphalt mixture, prerequisite properties test need to be conducted to determine the unknown properties of solid waste to address various engineering limitations. Thus, research efforts are inclined to the available standards and specification where further modification or adaptation is made to address engineering limitations.
The primary prerequisite properties test as presented in Table 3 are mainly to ensure the solid waste smooth transition of being utilised as a novel material into asphalt mixture, without further concerns on possibilities of being consumed in high temperature or failure of engineering attribute upon mixing and compaction procedure. Furthermore, the prerequisite properties are also a measure to predict solid waste functionality within an asphalt mixture. Hence, when failing the prerequisite test, solid waste can be subjected to pretreatment accordingly as shown in Tables 5 and 6 .
Subsequently, the incorporation of solid waste elements into asphalt mixture raises concerns about the environmental impact gave the possibility of heavy metals leaching into the underground water table. As such, it is a prerequisite need to implement TCLP test in ensuring solid waste leaching of heavy metals falls below the leaching limit as shown in Table 4 . This will provide a solid footing to leverage further the systematic reuse of solid waste while eliminating (Chen et al., 2016b) .
Fig. 14 e SEM images of commercial fillers: limestone (Pasandín et al., 2016) .
environmental concerns leading to the cleaner production of the asphalt mixture.
In surging efforts to rally and garner the endorsement of incorporating solid waste, microcosmic traits of solid waste are presented in Tables 7e9. Microcosmic traits namely surface morphology, mineralogical composition and chemical composition by innovative utilisation of SEM, XRD and XRF respectively, are to fortify the mechanistic performance. Based on the microcosmic traits of solid waste before its incorporation into asphalt mixture, several assumptions can be made in comparison with conventional filler to further justified performances. In a nutshell, the assertion of this systematic review is an enactment and stimulus for researchers to have a general overview and a simple guideline prior incorporating solid waste into asphalt mixture.
Energy requirement and greenhouse gasses emission
Pavements are the long-run transportation infrastructure assets. The typical life cycle of a pavement mainly consists of six various energy-resources intensive phases, as illustrated schematically in Fig. 15 . However, the most energy-intensive phases are the production of raw material and construction. Therefore, any improvement in these two critical phases results in substantial energy savings and greenhouse gases reduction. At first glance, the use of solid waste materials as alternative fillers or aggregates may reduce the raw material demand. However, it could affect the other phases, which requires further research.
It should be noted that the energy in the pavement system could be analysed at two different levels: (1) micro level and (2) macro level. The analysis of energy in micro level deals with energy in the microstructure of materials, such as activation energy and intermolecular forces. Obviously, incorporations of asphalt additive, new technology, different ageing state, and the adopted construction method could change the activation energy of the asphalt mix (Jamshidi et al., , 2015 Mohd Hasan et al., 2017) . However, it should be noted that the properties of modified binder with the incorporation of waste materials may change. For example, Ding et al. (2018) reported that the binder containing 3% coal liquefaction residue experienced severe hardening trend and the grade loss higher than 6 C after 72 h conditioning time. In another study, Qiu et al. (2018) investigated the ductility of binders containing waste engine oil bottom (WEOB). Even though, the performance of aged asphalt binder can be restored using WEOB, yet after 120 h conditioning in a water bath, the two rejuvenated asphalt binders exhibited different ductile states and morphological behaviour. The energy analysis of the pavement system at the macro level mainly focuses on the energy flow for various phases of the pavement life cycle. The pavement life cycle assessment can be conducted at different stages; namely, cradle to gate or cradle to grave that covers the production stage and the whole pavement life, respectively (Mohd Hasan and You, 2015) . Besides that, some research projects emphasised on the energy harvesting from asphalt pavements (Jiang et al., 2017; Pan et al., 2015) , which is categorised in the macro energy analysis. Also, the urban heat effects on pavements were studied by Santamouris (2013) , Gago et al. (2013), and Qin (2015) . In the next sections, energy requirements at the micro level for various phases of the asphalt pavement will be discussed.
Raw material production and processing
In this phase, a wide variety of materials is typically used, such as asphalt, cement, aggregate, and water. Additionally, different technologies and methods would be applied depending on the financial situation of contractors, technical skills competency, and the project classification as well as its cruciality. The raw material manufacturing phase covers different materials as illustrated in Fig. 16 .
The energy requirement for the aggregate production varies from 21.1 MJ/t to 52 MJ/t, which depends on the transportation distance, mining technology, and extraction technology (Berthiaume and Bouchard, 1999; H€ akkinen and M€ akel€ a, 1996; Stammer Jr. and Stodolsky, 1995) . Table 10 presents a series of emission factors that are proposed for the life cycle assessment (LCA) inventories of asphalt pavement. It can be seen that the emission factor of RAP is 20% lower than the aggregate. Thus, incorporation of RAP could reduce the energy requirement. For example, Fig. 17 shows that the energy consumption and emission decrease as the RAP content in the road base increases.
National Crush Stone Aggregate Association (NCSA, 1977) and Stammer Jr. and Stodolsky (1995) recommended that the energy requirement for asphalt productions are 420 MJ/t and 630 MJ/t, respectively. These figures only cover the binder production, which involving petroleum extraction, drilling and pumping operations. When considering the production of raw oil, transportation, and refining processes, the energy requirement could be increased to as high as 6000 MJ/t (H€ akkinen and M€ akel€ a, 1996) . In another study, the energy requirement for the whole processing was only 2930 MJ/t (Stripple, 2001 ). There are several justifications to explain the difference between the figures specified by H€ akkinen and M€ akel€ a (1996) and Stripple (2001) . Regardless of the production technology adopted and the price of crude oil, the property of crude oil source is one of the significant factors. Some crude oil may have natural waxes that are detrimental to the asphalt mix at the low temperature. Therefore, the wax should be extracted via a separate process, which could increase the total energy consumption. Furthermore, some crude oil contains a high percentage of sulphur that results in corrosion in the crude oil tanks, reservoirs or pipes that connected the oil field to the refinery plant. Therefore, it is necessary to remove the sulphur, which increases the energy requirements, hence incurs extra cost. By doing so, the crude oil extraction and refining are an energy-intensive process and costly. It makes the oil industry investors and stock market holders prefer to produce higher value products, such as kerosene, and gasoline rather than asphalt as a bottom-barrel .
In mixing plants, the asphalt binder is kept warm in a particular tank. Apparently, the safety of such tanks is one of the leading priorities that should be taken into consideration. The energy requirement for the asphalt storage is 543 MJ/t by Stipple's analysis. On the other hand, the use of RAP reduces the energy consumption in the HMA up to 20%, which depending on the application of WMA technology, RAP content and its source (Chappat and Bilal, 2003; Hamzah et al., 2010a, b; Jamshidi et al., 2012) . The energy requirement for the aggregate drying and mixing process of the asphalt mixture varies from 320e390 MJ/t of asphalt mixtures produced (Ang et al., 1993) . Technically, the consumption of energy for dry of aggregate take into account for accounts 80% of the total energy requirement (Thives and Ghisi, 2017) . However, many variables could affect the energy consumption and emissions during the mixing process, which include asphalt mix technology, road type, fuel type, burner flow rate, aggregate type, aggregate source, the solid waste material type and content, aggregate moisture content, asphalt performance grade, a method of the aggregate stockpile, mixing and ambient temperatures (Almeida-Costa and Benta, 2016; Buss et al., 2011; Hamzah et al., 2010a, b; Jamshidi, 2013; Jamshidi et al., 2016a; Paranhos and Petter, 2013) . Even though similar aggregate type and gradation used for the mix production, the energy requirement for asphalt mixes produced using such aggregate can be different as high as 87% (Hamzah et al., 2010a, b) . The reason behind this gap is the thermal property of aggregate. Although aggregate appearance, gradation, and engineering properties are similar, their specific heat capacities can be significantly different, which results in varies energy consumption for heating the aggregate from the ambient temperature to the mixing point (Jamshidi et al., 2017) . A higher specific heat capacity means more thermal energy is required to increase 1 C. Furthermore, the modified asphalt binder has a higher specific capacity that should be included in the analysis of emissions and energy requirement for the asphalt mix production. A higher specific capacity of aggregate would not only result in more extensive pavement cracking due to ageing, but it would also result in a huge energy wastage for a country. Considering the United States that produces almost 500 million to asphalt mix annually, the analyses indicate that the amount of energy savings due to the use of low-specific heat capacity aggregate is sufficient to fuel 24,330 to 341,525 American households per annum, which is a significant energy saving . As a result, it is crystal clear that enough attention should be paid on that the thermal properties of the waste materials. It may contain a wide variety of chemical and mineral compositions that may have different thermal conductivity and specific heat capacity, which could affect the energy consumption and the pertinent environmental burdens. Furthermore, the waste materials could affect the cooling rate and ageing state, as a growing phenomenon over time. Fig. 16 e Raw material production and processing phase.
Table 10 e Emission factors of different materials in the asphalt pavements (Meil, 2006; Stripple, 2001 As mentioned earlier, the aggregate moisture content could affect the energy requirements. In this regard, it was estimated that 1% increase in moisture content in the aggregate stockpile had resulted in 10% increase in the energy consumption (Prowell et al., 2011) , while Bueche and Dumont (2012) revealed that the energy saving reduces proportionally as the aggregate moisture content increases (Fig. 18 ). Eq. (1) shows that the energy saving decreases almost 30%, as 1% moisture content increases.
where E s is the energy saving reduction, and M c is a percentage of moisture content. Moreover, at the ambient temperature, having a stockpile with a roof or uncovered is another factor that could affect the energy requirement for the aggregate drying process during the production of asphalt mixtures (Almeida-Costa and Benta, 2016; Androji c and KaluCer, 2016) . The addition of solid waste materials may increase the construction temperatures, which results in a higher fuel consumption and environmental burdens. The WMA technology can be used to compensate the higher construction temperatures. Various WMA additives could be used to reduce the construction temperatures via various mechanisms. Therefore, synergistic effects of WMA technology and the solid waste materials increase the sustainability of asphalt pavements. A field study was carried out to assess the level of air pollutants with the application of WMA technology. A synthetic wax, namely Sasobit was used as the WMA additive. The assessment was conducted regarding total particulate emissions (TPEs), sulphur dioxide (SO 2 ), nitric oxide (NO x ), carbon monoxide (CO), carbon dioxide (CO 2 ) and Volatile Organic Compounds (VOCs), and benzene soluble matter (BSM). The incorporation of the WMA additive (Sasobit) has reduced the TPE, SO 2 , NO x , CO, CO 2 , VOC, and BSM levels by 74%, 83.30%, 21.20%, 63.20%, 42.9%, 51.30%, and 80%, respectively, as compared to the HMA sample (Sargand et al., 2009 (Sargand et al., , 2011 . Besides that, the waste materials may have a different effect on the asphalt binder viscosity, hence lower the mixing and compaction temperatures. In a study, it was found that the asphalt binder containing polymer modified nano-clay has a lower viscosity as compared to the control binder.
In the case of Miscellaneous, the energy requirement for the mineral filler and additives could be different. It seems there is a lack of research on the effects of additives based on their chemical characteristic. However, the energy requirement of the additive can be assumed to be equal to the energy required for the production of asphalt binder (Zaumanis et al., 2012) . In the case of energy requirement and emission for the water production, a detailed discussion can be reached through Plappally (2012).
Asphalt mix placement
The energy requirement of the asphalt placement and compaction are highly depending on the efficiency of the construction machinery, ambient temperature, aggregate gradation, mix design, and wind speed. Zapata and Gambatese (2005) specified that based on the data reported by the asphalt contractor, roughly 13.4 MJ per ton mix is required for the placement and compaction of the asphalt mixture in the field. However, the value could be different depending on several factors. Further research should be conducted to establish a range of energy required for the compaction process at different condition. It is also estimated that the placement of asphalt concrete and cold mixes require between 6 and 9 MJ/t with 0.4e1.1 kg CO 2 /t of greenhouse gas (GHG). The differences in the energy consumption and GHG emission could be due to the data inventories and the analytical models adopted to rate the sustainability of asphalt mix via LCA and lower energy emissions leadership under the ISO 14040 framework. Therefore, the models for each paving project should be analysed separately. It is also evident that the energy saving due to the use of solid waste materials would be different. One of the factors that led to a significant difference is the method that applied to collect and process the waste materials. Whereas, the collection can be made either by the working crew or using machinery that could significantly affect the productivity, environmental burdens, and social consequences. However, the result indicated that the energy requirement reduced when a smaller amount of raw material was used.
Transportation
The fuel consumption by vehicles on roads and highways is responsible for almost 20% of global CO 2 emissions (Uherek et al., 2010) . The raw materials can also be transported via various transportation modes, such as conveyor systems, ship, or trucks, depending on the accessibility of the paving sites and cost analysis. In this regard, Cass and Mukherjee (2011) estimated the transportation emission accounts for 6%e10% of the construction phase. However, the transportation energy of the produced materials is 0.9 MJ/ km-t, which results in 0.06 kg CO 2 /km-t (Chehovits and Galehouse, 2010) . Since there are different types of the truck with various technical properties, a formula was proposed to calculate transportation the emissions as follow (Mukherjee and Cass, 2014) .
(2) Fig. 18 e Energy saving as a function of aggregate moisture content, based on data reported by Bueche and Dumont (2012) .
where E is emissions, O t is operating factor, HP is rated horsepower, C F is the fuel consumption rate (gal/(hp$h)), and 3 is the emission rate (lbs CO 2 /gal).
Utility
In the utility phase, a pavement is open to traffic; hence, the service conditions of the pavement affect the emissions of vehicles. The significance of this phase is realised when the analysis of environmental footprint indicated that the total effects of construction, operation, and maintenance of pavements should be added to the operational energy consumption of vehicles. It would be roughly 10% higher than the onroad vehicle emissions (Chester and Horvath, 2009) . For example, the United States Environmental Protection Agency (EPA) reported that various types of vehicle are consuming more than 120 million gallons of gasoline and 35 million gallons of different fuel types on the U.S. roads (EPA, 2011) . In the utility phase, carbonation, ageing, lightening, albedo, leachate, and rolling resistance can be the sources of environmental emission (Babashamsi et al., 2016; Jamshidi et al., 2013; Santero et al., 2011) . For instance, Zaabar and Chatti (2010) estimated that a decrease of 4 m/km in the pavement roughness had increased the fuel consumption by 4.2% and 2.8%, in cars and trucks, respectively.
Referring to on-road emissions, the impact of pavements is beyond the energy consumption during the manufacturing of raw material, and construction phases, which is due to pavements are networks of long-term transportation infrastructure assets (Santero et al., 2011) . In the utility phase, the failure of pavements depends on the pavement type, traffic congestion, and service condition. However, it should be noted that the effective life spans of the asphalt pavements incorporating the waste materials are usually longer than the traditional pavement. Whereas, the service life of the rubberised asphalt mixture is three years longer compared to the traditional HMA. As a result, it lowers the overall cost of the pavement due to less consumption of raw materials, hence less energy consumption and emission alongside longer service life. This positive gain makes the solid waste materials as an attractive and rewarding alternative material for the asphalt pavement technology.
Recycling
Numerous activities throughout a pavement life cycle, including: construction, maintenance works, recycling, as well as vehicle manufacturing and utility have resulted in almost 40% of global GHG emissions (Hill et al., 2012) . It should be noted that although the recycling phase also requires raw materials, the major energy-intensive sector is the placement of paving materials, whichs take into account 80% of the total energy consumption and GHG emission (Fig. 19) .
However, the 4R (reclaim, recycle, reuse, and reduce) policy can be adopted at different phases to enhance the eco-friendly aspects of the transportation infrastructure assets. For example, the use of recycled or rain water as alternative sources of water in airports can be financially and environmentally beneficial (De Castro Carvalho et al., 2013) . In another study, the results of carbon footprint analyses indicated that incorporation of recycled material in the airport pavement construction reduced the CO 2 emissions by 35% (Giustozzi et al., 2012) .
Conclusions and future developments
This synthesis provides important discovery in understanding the sustainability, pretreatment, and engineering considerations of asphalt modifiers from the industrial solid wastes This is very much the key component in future attempts to enhance the adaptability of solid wastes as asphalt modifiers and for the survival of asphalt industries. The section leads to the following conclusions and recommendations for future studies.
1. Even though there are different prerequisite properties to be tested and the need to undergo pretreatment prior incorporating into asphalt mixture, the justification is to address engineering limitations and environmental concerns while empowering solid waste application as an alternative to solid waste management and in sustaining an eco-oriented pavement industry. 2. The provisions imparted in this review by addressing both engineering limitation and environmental concerns will be a significant stimulus to the future development of having eco-friendly and sustainable asphalt pavement while providing industries with a greener alternative in disposal methods and to diversify into new profitable ventures. The introduction of novel additives in the form of solid waste will pave the way to a symbiotic and commercialised partnership between both industries. The incorporation of solid waste as a secondary raw material enables industries to reduce landfill disposal and to diversify new profitable ventures while cultivating impactful economic and sustainable ecological benefits. 3. The waste materials can be used as an option of alternative aggregate in asphalt mixtures. However, the impurity and basic chemical properties should be taken into consideration. Since the solid waste materials can be found in different sizes, they could be either used as course aggregate, fine aggregate, or filler mineral in asphalt mixes. Furthermore, various structural performance, such as fatigue, rutting, and fracture resistance, clearly showed that such materials could improve the structural consistency of the pavement system. However, it should be noted that since the chemical composition of such materials is unique, the mechanism of failure and ageing rate are different. 4. It is necessary to develop predicting models of structural and functional failures in the pavements incorporating various types and contents of the waste material. Such models would be used as a tool for more efficient pavement management by the related agencies. In addition, XRF, XRD, DCS (differential scanning calorimetry), and SEM tests could provide basic information on the microstructure of the waste materials and its effect on the pavement structural performance. Moreover, use of waste materials in pavement construction would result in less raw material demand and other phases within the cradle to grave stages. However, it is expected that the major effects can be found in the raw material processes and utility phases. It is also necessary the energy consumption for material haulage is included in the analysis of the sustainability of waste materials. 5. Giving a new breath of life to solid waste as a low-cost novel additive to asphalt mixture coupled with an asphalt mixture of superior performance is intending to promote cleaner and sustainable production. By inducing sustainable novel additives which enhance service and bonding characteristics in asphalt mixture will reduce the costing for future asphalt mixture production and maintenance significantly. This systematic review is intended to act as a stimulus in gaining momentum from industries in seeking an alternative for solid waste produced by tapping into the asphalt pavement industry of enormous potential. This supply and demand factor of solid waste can be leveraged to translate significant cost saving, efficient waste management alternative, and new profitable ventures in increasing the commercial viability of solid waste while paving the future of having eco-friendly and green asphalt pavement. Mr. J-Wei Chew is an MSc student at the School of Civil Engineering, Universiti Sains Malaysia (Engineering Campus). His MSc research is focussing on the application of recycled paper mill sludge as a modifier in asphalt mixtures.
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